Abstract-This paper presents an extension to the rectangular dielectric waveguide technique to obtain the permittivity of samples iteratively from the effective refractive index measurements by using the solution of the wave equation. The effective refractive index is presented for several samples in the 33 GHz to 50 GHz frequency range. The method is very fast and simple and provides an accuracy of better than 1% for the determination of permittivity of materials.
I. INTRODUCTION
T HE knowledge of the complex permittivity of materials is required in many microwave and optical applications. Numerous dielectric measurement techniques are reported in the literature. In a previous paper, we demonstrated the use of a rectangular dielectric waveguide (RDWG) technique [1] , [2] in conjunction with a thru-reflect-line (TRL) calibration technique [3] , [4] for broadband complex permittivity measurements of various dielectric materials in the 26 GHz to 40 GHz frequency range. We have also shown that the technique can be applied to measure the power loss from discontinuities in open dielectric waveguides.
This paper extends the application of the RDWG technique to the determination of the dielectric constant from the effective refractive index measurements of samples which may have dimensions as small as the transverse dimensions of the RDWG itself. The sample of small cross-sectional dimension may be conveniently treated as a dielectric waveguide. Then, applying the solution to the wave equation, the dielectric constant of the sample can be obtained iteratively when the calculated value agrees with the experimental value of the effective refractive index. Thus, the method automatically compensates for the previously unknown radiation loss attributed principally to the open nature of the small dielectric sample. On the contrary, one of the more established methods for refractive index profiling is based on the calculation from the measurement of the propagation-mode, near-field pattern. Either the refractive index of the cladding or the difference distribution of the refractive index squared from that of the cladding is used to reconstruct the dielectric index profile [5] , [6] . We have also implemented the RDWG Manuscript received June 1, 1997; revised April 1, 1998 . This work was supported by Universiti Putra Malaysia and Hewlett-Packard, Santa Rosa, CA.
The authors are with the Department of Electronic and Electrical Engineering, University of Leeds, Leeds LS2 9JT, U.K. (e-mail: r.d.pollard@leeds.ac.uk).
Publisher Item Identifier S 0018-9456(98)05450-3. technique at 75 GHz to 110 GHz with no apparent degradation in performance and therefore anticipate that the technique is applicable at optical frequencies. In addition, the TRL and various other microwave calibration techniques can be adapted to accommodate both the rectangular and optical fiber waveguides for characterization of various optical waveguide components.
II. BASIC PRINCIPLES
The problem of determination of the dielectric constant of a sample using the RDWG technique is identical to finding the solution to the discontinuity problems in open dielectric waveguides. Various theoretical models for the solution of the two-dimensional (2-D) dielectric slab waveguide have been developed as listed, for example, in [7] . However, the real practical problems are three-dimensional (3-D) and thus much more difficult. Musil and Zacek [2] ignore the continuous radiation modes in the calculation of the complex transmission and reflection coefficients. A promising 3-D approach is based on plane-wave expansions through the 2-D Fourier transformation [8] , [9] . However, it does not release us from the difficulty of developing a fast and efficient method for our practical purpose of the determination of the dielectric constant. Fortunately, the RDWG technique is made simpler for dielectric measurement because of the direct access to the measurement data, as will be discussed in the next section.
Consider the sample placed in direct mechanical contact between the two RDWG's as shown in Fig. 1 are considered to be the effective values due to the various interactions at the RDWG/sample/RDWG interfaces which include both the radiation and guided modes. It is well known that one of the requirements of weak guidance is that the relative difference of the refractive index between the sample (or RDWG) and the surroundings be much less than unity. However, the experimental results indicate that the assumption is also applicable to samples with large differences in the refractive index. The weak guidance approximation allows considerable simplification of the characteristic equation that governs wave propagation along the RDWG's and the sample. In the context of weak guidance, the full vector wave equation can be reduced to the scalar wave equation [10] ( 1) where is the free space wavenumber and is the permittivity of the material. The complex propagation constant is defined as (2) where is the attenuation constant, is its phase constant, and , are the wave numbers in the and directions, respectively. The solution to (1) for the sample at in terms of the electric field intensity at can be written in the form
The corresponding values of and may be found from the complex transmission coefficient (4) or (5a) which can be simplified to (5b) where . Equating the real and imaginary parts, we have (6) and (7) The method to calculate the magnitude and phase of the transmission coefficient from -parameter measurements can be found in [11] and [12] . Similar to the conventional waveguide method, a separate and simple solution for the dielectric constant and loss factor may be obtained by squaring both sides of (2), and equating the real and imaginary parts. This results in the following solutions for , , and the loss tangent, tan :
If the sample is so large that all the fields travel within the sample, then it follows from (2) that . This means that (8) and (10) are reduced by the uniform plane wave calculation to (11) (12) It can be easily shown that Musil and Zacek [2] have inaccurately used (11) and (12) instead of (8) and (10) in their determination of permittivity of small samples. Assuming negligible , the solution to (1) can be simplified as follows: (13) where (14) is called the effective dielectric constant and its square root, i.e., is usually known as the effective refractive index. Thus, the actual dielectric constant can be found iteratively by an inversion technique based on a root finding method from (7) and (13) . There are many available methods to solve (13) , however, we conveniently consider only the effective index method [13] and Marcatili's method [14] . We could include to recover both the real and imaginary part of the permittivity directly from (1) or even from the vector wave equation using a sophisticated numerical method such as Yee's mesh finite-difference vectorial-beam-propagation method [15] .
III. MEASUREMENT METHOD
The measurement setup [1] is illustrated in Fig. 2 . The waveguide horn is designed not only to launch the mode along the RDWG but also serves as a mechanical support. Teflon was chosen as the material for the RDWG due to its low-loss, low dielectric constant property as well as providing easy fabrication of the RDWG. The transverse dimension of the RDWG was chosen to have the same cross section as a standard WR-22 waveguide and was formed accurately by pulling the RDWG through a metal die to give a nominal size of 5.69 mm 2.84 mm with close tolerance of 10 m. The ends of the RDWG to be inserted into the waveguide section were linearly tapered in the H-plane to allow a natural transition from the LSE mode of partially filled dielectric to the TE mode of completely filled dielectric in the waveguide section. An extra 2 cm length of the RDWG is allocated within the waveguide to form a close fit to the metal walls as well as providing a mechanical support to the suspended RDWG at the opening of the waveguide. The length beyond the horn aperture was chosen such that the surface wave has a phase shift of rad more than an ordinary endfire source ( ), i.e., (15a) or (15b) which at midband frequency, gives . All calibration and measurements were made using a HP8510C network analyzer in stepped CW mode (i.e., synthesized frequency at each data point). Our calibration was accomplished by implementing the TRL calibration technique [3] , [4] . The calibration plane was defined as the plane where the two RDWG's meet. Thus, this directly established the zero-length thru standard. The reflect standard was a copper plate with which a short circuit was realized by contacting the plate to the front face of each RDWG. Finally, the line standard was an RDWG spacer of one-quarter wavelength long at the midband frequency. All the parts were obtained by cutting from a single long RDWG made of Teflon, leaving two RDWG's for insertion into the horns and the spacer. The carriages on which the waveguides were mounted ride on an optical bench. In operation, the left end of the measuring system remains fixed, allowing only the movement of the other end.
All the samples given in Table I have close tolerance of 10 m in their transverse dimensions and thicknesses. The samples were machined from commercial planar sheets only in the transverse dimensions while (except for Teflon) the thicknesses were left undisturbed. The sample dimension and thickness allow the sample to be suspended in air using the pressure between the two RDWG without using a sample holder. The effect of the air gap between the sample and RDWG is always negligible, if the sample and the front face of RDWG surfaces are smooth. Except for Teflon, all the samples were placed such that the RDWG end faces are situated approximately in the middle of the sample. Although the dimensions of the samples could have been made as small as the RDWG dimension, they were chosen instead to be greater than 10 mm 10 mm to demonstrate that approaches the value of refractive index of a homogeneous medium ( ) with increasing dimension and the dielectric constant of the material. Nevertheless, the size of the samples is still small. This can be appreciated by considering the difficulty of measuring the dielectric constant of materials in a closed standard WR-22 waveguide. Freespace techniques require large samples to avoid measuring the effective dielectric constant instead of the true dielectric constant (see Section II). In the 33 GHz to 50 GHz frequency range, the cylindrical dielectric waveguide bridge technique [2] is perhaps the only nondestructive measurement technique that has been reported for samples less than 3 cm 3 cm, but unfortunately it neglects the radiation loss from the sample.
IV. RESULTS AND DISCUSSIONS
Our previous results with the RDWG technique [1] were reported for samples of large transverse dimensions in the 26 GHz to 40 GHz frequency range. For samples that are so small that the wave decays exponentially outside the samples, we have to resort to the procedure of Section II to reconstruct the actual dielectric constant from the effective refractive index (or equivalently the effective dielectric constant). However the minimum transverse dimensions of the sample must be at least equal to or greater than the dimensions of the RDWG. Therefore, for RDWG's having dimensions equal to a WR-22 type waveguide, the minimum transverse dimension of the sample equals to 5.69 mm 2.85 mm. Further reduction of the size of samples can be easily achieved by constructing RDWG's of smaller dimensions. In the following, single mode operation is assumed.
A comparison between the measured and calculated values of the effective refractive index is shown in Fig. 3 for a Teflon sample (5.69 mm 2.85 mm) of thickness 2.4 mm. The calculated values are shown for both the effective index method and Marcatili's method with the assumption that the sample has a frequency independent dielectric constant of 2.04. This is obtained by measuring a 5 cm long Teflon sample which completely fills a 5 cm WR-22 waveguide holder using the method of [11] and [12] and setting the permeability . It can be clearly seen that the measurement data seem to indicate close agreement with the effective index method at the low frequency range and a crossover to Marcatili's method at the higher end of the frequency band. However, the latter is not conclusive, not only due to the scalar wave approximation but also due to the appearance of higher order modes. Thus, we only use the effective index method to determine the actual dielectric constant from the measured effective refractive index using (13) . Unfortunately, the rest of the dielectric materials given in Table I are difficult to measure using a closed waveguide. Therefore, we rely on published values of the dielectric constant of the materials.
All the RDWG measurements show that , thus supporting the assumption of negligible when using (13) . The reconstructed dielectric constant profiles are shown in Fig. 4 for four different samples of small cross sections. The details of some samples (including those used in Fig. 4 ) are given in Table I together with the effective refractive index values and the reconstructed dielectric constant at 42 GHz. This leads us to believe that even the crude approximation of the effective index method is already sufficient for use in the determination of the actual dielectric constant. Note that approaches for a high dielectric constant material of large cross section. The results indicate that the RDWG technique is not only suitable for measurement on both small and large samples but also appropriate for thin samples in spite of the weak guidance assumption. Finally, it should be noted that the total processing time to recover the actual dielectric constant from raw -parameter data for 201 points for each sample was no more than a few seconds on a PC. The RDWG technique is an easy-to-use, fast and efficient technique which provides an accuracy of better than 5% in the worst case and typically better than 1%; which is adequate for the determination of the dielectric constant of materials. 
